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SUMMARY 

An i n v e s t i g a t i o n  was conducted t o  examine t h e  mechanical  s t r e n g t h  and 

t r i b o l o g i c a l  p r o p e r t i e s  o f  boron n i t r i d e  (BN)  f i l m s  ion-beam-deposited on 

s i l i c o n  ( S i ) ,  fused s i l i c a  ( S l o p ) ,  g a l l i u m  a rsen ide  (GaAs), and ind ium 

phosphide ( I n P )  s u b s t r a t e s  i n  s l i d i n g  c o n t a c t  w i t h  a diamond p i n  under a l oad .  

The r e s u l t s  o f  t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  BN f i l m s  on n o n m e t a l l i c  

s u b s t r a t e s ,  l i k e  meta l  f i l m s  on m e t a l l i c  s u b s t r a t e s ,  deform e l a s t i c a l l y  and 
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p l a s t i c a l l y  i n  t h e  i n t e r f a c i a l  reg ion  when i n  c o n t a c t  w i t h  a diamond p i n .  

However, u n l i k e  meta l  f i l m s  and subs t ra tes ,  BN f i l m s  on n o n m e t a l l i c  subs t ra tes  

can f r a c t u r e  when they  a r e  c r i t i c a l l y  loaded. Not o n l y  does t h e  y i e l d  p ressu re  

(hardness)  o f  S i  and S l o p  subs t ra tes  i n c r e a s e  by a f a c t o r  o f  2 i n  t h e  presence 

o f  a BN f i l m ,  b u t  t h e  c r i t i c a l  l oad  needed t o  f r a c t u r e  i nc reases  as w e l l .  The 

presence o f  f i l m s  on t h e  b r i t t l e  subs t ra tes  can a r r e s t  c r a c k  f o r m a t i o n .  The 

BN f i l m  reduces adhesion and f r i c t i o n  i n  t h e  s l i d i n g  c o n t a c t .  BN adheres t o  

*Trade names o r  manu fac tu re rs '  names a r e  used i n  t h i s  r e p o r t  f o r  
i d e n t i f i c a t i o n  o n l y .  T h i s  usage does n o t  c o n s t i t u t e  an o f f i c i a l  endorsement, 
e i t h e r  expressed o r  i m p l i e d ,  by t h e  Na t iona l  Aeronaut ics  and Space 
A d m i n i s t r a t i o n .  



S i  and S i02  and forms a good q u a l i t y  f i l m ,  w h i l e  i t  adheres p o o r l y  t o  GaAs 

and InP .  The i n t e r f a c i a l  adhesive s t r e n g t h s  were 1 GPa f o r  a BN f i l m  on S i  

and a p p r e c i a b l y  h lgher  than  1 GPa f o r  a BN f i l m  on S i 0  2 '  

INTRODUCTION 

Advanced p ropu ls ion  systems such as gas t u r b i n e s  and a d i a b a t i c  d i e s e l  

engines a r e  designed t o  ach ieve  h i g h  e f f i c i e n c y  th rough  h i g h e r  o p e r a t i n g  

temperatures and r o t a t i o n a l  speeds [1 ,2] .  

problems. 

operate over  a temperature range t h a t  exceeds t h e  c a p a b i l i t y  o f  conven t iona l  

l i q u i d  u b r i c a n t s :  t h a t  i s ,  t h e i r  thermal  o x i d a t i o n  l i m i t s  [ 3 , 4 ] .  None o f  t h e  

l i q u i d  u b r i c a n t s  a v a i l a b l e  today a r e  u s e f u l  beyond 350 "C. Obvious cand ida te  

m a t e r i a  s f o r  f u l f i l l i n g  these needs a r e  i n o r g a n i c  compounds. Indeed, 

conven t iona l  s o l i d  l u b r i c a n t s  (such as CaF2/BaF2 b i n a r y  e u t e c t i c  c o a t i n g s  and 

PbO/Si02 c o a t i n g s  I n  an o x i d i z i n g  atmosphere, as w e l l  as MoS2 and g r a p h i t e  i n  

a n o n o x i d i z i n g  atmosphere) have been used a t  h i g h  temperatures [ 2 ] .  The use 

o f  ceramics ( b o t h  i n  b u l k  and c o a t i n g  forms) i n  a vacuum o r  space environment 

has t r i b o l o g i c a l  b e n e f i t s ,  because o f  t h e  low adhesion o f  ceramics i n  c o n t a c t  

w i t h  themselves or  w i t h  o t h e r  s o l i d s  such as me ta l s  [SI. F u r t h e r ,  a t  h i g h  

temperatures i n  a vacuum environment, h e a t i n g  a ceramic such as s i l i c o n  c a r b i d e  

can r e s u l t  i n  t h e  g r a p h i t i z a t i o n  o f  t h e  ceramic s u r f a c e  w i t h  t h e  g r a p h i t e  

f u n c t i o n i n g  t o  reduce adhesion and f r i c t i o n .  

p rov ided  f r o m  t h e  ceramic m a t e r i a l  i t s e l f  [ 6 , 7 ] .  

These c o n d i t i o n s  l e a d  t o  two p r imary  

F i r s t ,  bea r ings  and o t h e r  l o a d - c a r r y i n g  c o n t a c t s  a r e  r e q u i r e d  t o  

A l u b r i c a t i n g  f i l m  i s ,  t h e r e f o r e ,  

Secondly, a t  very  h i g h  r o t a t i n g  speeds c e n t r i f u g a l  f o r c e s  f r o m  t h e  r o l l i n g  

elements l e a d  t o  ex tens i ve  ove r load  o f  t h e  r o t a t i n g  mechanical  components. One 

s o l u t i o n  t o  t h i s  problem i s  t o  reduce t h e  d e n s i t y  o f  t h e  m a t e r i a l  used f o r  t h e  

r o l l i n g  elements and thereby decrease t h e  c e n t r i f u g a l  l o a d i n g .  An a t t r a c t i v e  

s o l u t i o n  i s  t o  use ceramics f o r  t h e  r o t a t i n g  mechanical  components [ a ] .  For 

example, s i l i c o n  n i t r i d e  has a d e n s i t y  app rox ima te l y  40 pe rcen t  t h a t  o f  t o o l  
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steels; therefore, fundamental and focused research t o  develop high-temperature 

ceramics for use as components in mechanical systems is a logical approach to 

meet the stringent requirements of advanced engine technology. 

Ion-beam-deposited boron nitride (BN)  films are relatively new materials 

and are promising ceramics for use not only as high-temperature, wear-resistant, 

solid lubricating films, but also as adequate gate dielectrics for high-speed 

111-V semiconductor devices and integrated circuits. This is the most 

difficult and crucial application of an insulator film [9,10]. 

The present work continues the ongoing tribological studies with 

ion-beam-deposited BN films. 

the tribological properties and mechanical strength (interfacial adhesive and 

The objectives of this study were to investigate 

intrinsic cohesive strength) o f  hard and brittle BN films deposited on 

silicon-based nonmetallic materials. This study was initiated with 

well-defined, pure silicon (Si) and fused silica (quartz, Slop) substrates 

rather than complicated structural ceramic substrates such as silicon nitride 

and silicon carbide. It was aimed at gaining a more fundamental understanding 

of adhesion between BN and silicon-based materials. 

Single-pass scratch experiments were conducted t o  examine the adhesion, 

friction, and deformation behavior o f  the BN films deposited on Si (loo} 
plane and Si0 

at a relative humidity of 45 percent. 

also conducted with BN films deposited on gallium arsenide (GaAs) and indium 

phosphide (InP) (100) planes sliding in the <110> directions. 

in sliding contact with a diamond pin in room-temperature air 
2 

Comparative scratch experiments were 

MAT E R I ALS 

Thin films containing BN have been synthesized by Spire Corporation using 

an ion beam extracted from a borazine (B3N3H6) plasma Ill]. 

substrates used for scratch experiments were Si, SiOz, GaAs, and InP 

(Table I). 

The 
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APPARATUS 

The i o n  source used t o  d e p o s i t  BN f i l m s  i s  desc r ibed  i n  r e f e r e n c e  11. 

The f r i c t i o n  and wear apparatus used i n  t h i s  i n v e s t i g a t i o n  was capable o f  

s c r a t c h i n g  t h e  sur face of a BN f i l m  w i t h  a rounded diamond p i n  ( a  Rockwel l  

cone diamond w i t h  a t i p  r a d i u s  of 0.2 mm). The apparatus was t h e  Revetest ,  a 

commerc ia l ly  purchased dev i ce  [12-141. 

deadweights on a pan on t o p  o f  a rod .  

diamond p i n .  

d e t e c t e d  t h e  acoust ic  emiss ion re leased  as t h e  c o a t i n g  f i l m  was d i s t u r b e d .  

A l o a d  was a p p l i e d  by p l a c i n g  

The o t h e r  end o f  t h e  r o d  con ta ined  t h e  

A p l e z o e l e c t r i c  accelerometer  mounted j u s t  above t h e  diamond p i n  

XPS and AES/SIMS systems were a l s o  used f o r  chemical  compos i t i on  analyses 

o f  t h e  BN f i l m s .  

EXPERIMENTAL PROCEDURE 

The experiments were conducted i n  a l a b o r a t o r y  a i r  atmosphere. The 

diamond p i n  surfaces were scrubbed w i t h  l e v i g a t e d  alumina ( 1 -  and 1 / 4 - p m  

p a r t i c l e  diameters) and w e r e  r i n s e d  w i t h  t a p  water,  t hen  w i t h  d i s t i l l e d  water ,  

and f i n a l l y  w i t h  200-proof e t h y l  a l c o h o l  b e f o r e  each s ing le -pass  s l i d i n g  

exper iment .  

use. A f t e r  t h e  surfaces o f  t h e  p i n  and t h e  BN f i l m  had been d r i e d  w i t h  

n i t r o g e n  gas, t h e  specimens w e r e  p laced i n  t h e  f r i c t i o n  and wear apparatus.  

The specimen surfaces w e r e  then brought  i n t o  c o n t a c t  and loaded, and t h e  

f r i c t i o n  experiment was begun. 

30 sec. Each s l i d i n g  exper iment c o n s i s t e d  o f  a s i n g l e  pass w i t h  a t o t a l  

s l i d i n g  d i s t a n c e  o f  approx imate ly  10 mm a t  a s l i d i n g  v e l o c i t y  o f  12 mm/min. 

The a c o u s t i c  emission s i g n a l  was c o n t i n u o u s l y  mon i to red  d u r i n g  s l i d i n g ,  and 

t h e  wear t r a c k s  formed on t h e  BN f i l m s  were examined by scanning e l e c t r o n  and 

o p t i c a l  microscopes. 

The BN f i l m s  w e r e  a l s o  r i n s e d  w i t h  200-proof e t h y l  a l c o h o l  b e f o r e  

The t i m e  i n  c o n t a c t  b e f o r e  s l i d i n g  was 



RESULTS AND DISCUSSION 

M i c r o s t r u c t u r e  and Chemical Composi t ion 

I t  was found t h a t  t h e  ion-beam-deposited BN f i l m s  were predominant ly  

amorphous. I n  a d d i t i o n  t o  a s t r u c t u r e l e s s  amorphous phase, however, t h e r e  was 

a c r y s t a l l i n e  phase w i t h  a s i z e  range o f  8 t o  30 nm. 

n o t  comp le te l y  amorphous; p r o p e r t i e s  c h a r a c t e r i s t i c  o f  hexagonal 8N were 

de tec ted .  Th is  f i n d i n g  agrees w i t h  e l e c t r o n  microscopy and o p t i c a l  band gap 

observa t 1 ons [ 3,4,15 1. 

That i s ,  t h e  f i l m s  were 

The XPS and AES/SIM analyses revealed t h a t  t h e  BN f i l m s  were 

n o n s t o i c h i o m e t r i c ,  w i t h  a B/N r a t l o  o f  app rox ima te l y  2, and t h a t  t hey  

con ta ined  smal l  amounts of ox ides and ca rb ides  i n  a d d i t i o n  t o  BN [3,4,5,15]. 

F r i c t i o n  and Wear 

When a diamond hemisphere s l i d e s  on a BN f i l m  depos i ted  on a n o n m e t a l l i c  

s u b s t r a t e ,  t h e  s u r f a c e  damage i s  i n d i c a t e d  i n  two main f e a t u r e s .  F i r s t ,  t h e  

diamond i n d e n t s  and s l i d e s  on t h e  BN f i l m  w i t h o u t  i t s e l f  s u f f e r i n g  permanent 

deformat ion,  b u t  i t  causes permanent de fo rma t ion  i n  t h e  BN f i l m  - t h e  s c r a t c h  

has t h e  t y p i c a l  grooved appearance c h a r a c t e r i s t i c  of me ta l s  o r  o t h e r  d u c t i l e  

m a t e r i a l s .  Secondly, i n  s p i t e  o f  t h i s  gross p l a s t i c  de fo rma t ion ,  t h e  s l i d i n g  

a c t i o n  a l s o  produces v i s i b l e  microscopic  c r a c k i n g  o f  t h e  BN f i l m  and t h e  

s u b s t r a t e .  

i n  and near t h e  r e g i o n  o f  c o n t a c t  w i t h  t h e  diamond. 

M ic roscop ic  f ragmentat ion o f  t h e  BN f i l m  i s  o c c a s i o n a l l y  observed 

Acoust c emissions were released and d e t e c t e d  when t h e  i n t r i n s i c  cohes ive  

bonds i n  t h  BN f i l m  and/or i n  t h e  subs t ra te ,  as w e l l  as adhesive bonds 

between t h e  BN f i l m  and t h e  subst rate,  were broken w i t h  a new s u r f a c e  b e i n g  

c rea ted .  The p a t t e r n  and i n t e n s i t y  o f  t h e  a c o u s t i c  emiss ion depend on t h e  

n a t u r e  o f  t h e  d i s tu rbance :  p l a s t i c  f l o w ,  c r a c k i n g ,  o r  f l a k i n g  o f  f ragments.  
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F i g u r e  1 presents t y p i c a l  a c o u s t i c  emiss ion t r a c e s  f o r  a BN f i l m  depos i ted  

on a n o n m e t a l l i c  s u b s t r a t e .  When t h e  BN f l l m  s u r f a c e  i s  brought  i n t o  c o n t a c t  

w!th t h e  diamond p i n  under a smal l  load,  which i s  lower than  t h e  c r i t i c a l  loads 

needed t o  f r a c t u r e  i n t r i n s i c  cohesive bonds i n  t h e  BN f i l m  on t h e  s u b s t r a t e  

( T a b l e  1 1 ) ,  no acoust ic  emiss ion i s  de tec ted  ( F i g .  l ( a ) ) .  A f t e r  t h e  diamond 

had passed over  the su r face  o n l y  once, scanning e l e c t r o n  m ic roscop ic  examina t ion  

o f  t h e  wear t r a c k  i n d i c a t e d  t h a t  a permanent groove was formed i n  t h e  BN f i l m ,  

much l i k e  l n  m e t a l l i c  f i l m s  under s i m i l a r  c o n d i t i o n s  [ 1 6 ] .  However, t h e  BN f l l m  

was n o t  observed t o  crack w i t h  s l i d i n g .  An i n c r e a s e  in l oad  t o  o r  above t h e  

c r i t l c a l  loads needed t o  f r a c t u r e  t h e  i n t r i n s l c  cohesive bonds i n  t h e  BN f i l m  

and I n  t h e  subs t ra te ,  however, r e s u l t e d  i n  a smal l  amount o f  c r a c k i n g  i n  and 

near t h e  p l a s t i c a l l y  deformed groove. The a c o u s t i c  emiss ion t r a c e  i n d i c a t e d  

evidence o f  a f l u c t u a t i n g  a c o u s t j c  emiss ion s i g n a l  o u t p u t  ( F i g .  l ( b ) ) .  

Acous t i c  emission was observed when t h e  s l i d i n g  appeared t o  i n v o l v e  smal l  

amounts o f  c rack ing  i n  a d d i t i o n  t o  p l a s t i c  f l o w .  Such a c o u s t i c  emiss ion i s  

due t o  t h e  re lease o f  e l a s t i c  energy when cracks propagate i n  t h e  6N f i l m  and 

i n  t h e  s u b s t r a t e .  

When a much h ighe r  l oad  w a s  a p p l i e d  t o  t h e  BN f i l m ,  t h e  s l i d i n g  a c t i o n  

produced ( i n  a d d i t i o n  t o  p l a s t i c  f l o w )  l o c a l l y  gross s u r f a c e  and subsur face 

f r a c t u r i n g  I n  the f i l m ,  I n  t h e  s u b s t r a t e ,  and a t  t h e  i n t e r f a c e  between t h e  BN 

f i l m  and t h e  subs t ra te .  I n  such cases t h e  a c o u s t i c  emiss ion t r a c e s  a r e  

p r i m a r i l y  cha rac te r i zed  by chevron-shaped behavior  ( F l g .  l ( c ) ) .  

C o e f f i c i e n t  o f  F r i c t i o n  

The c o e f f i c i e n t s  o f  f r i c t i o n  measured i n  l a b o r a t o r y  a i r  f o r  BN f i l m s  on 

t h e  S i ,  S102, GaAs,  and InP  subs t ra tes  a r e  presented i n  F i g .  2, t o g e t h e r  w i t h  

comparat ive data f o r  uncoated S i ,  S i02 ,  GaAs, and InP.  

f r i c t i o n  depend on t h e  t ype  of n o n m e t a l l i c  s u b s t r a t e  on which t h e  BN was 

depos i ted  a s  w e l l  as on t h e  a p p l i e d  normal l oad .  

The c o e f f i c i e n t s  o f  
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The c o e f f i c i e n t  o f  f r i c t i o n  i s  lowest  w i t h  BN f i l m s  depos i ted  on S i  and 

S i 0  s u b s t r a t e s  a t  temperatures o f  200 and 350 OC. Good q u a l i t y  f i l m s  were 

ob ta ined  on S i  and S102 s u b s t r a t e s  a t  these d e p o s i t i o n  temperatures.  

2 

The c o e f f i c i e n t s  of f r i c t i o n  f o r  BN f i l m s  on doped GaAs and Sn-doped InP  

s u b s t r a t e s  a r e  r e l a t i v e l y  h i g h e r  and a r e  a lmost  t h e  same as those f o r  t h e  

uncoated sur faces o f  GaAs and I n P  subst rates ( F i g s .  2 ( c )  and ( d ) ) .  O p t i c a l  

m ic roscop ic  examinat ion o f  t h e  wear t r a c k s  on t h e  BN f i l m s  depos i ted  on doped 

GaAs and I n P  s u b s t r a t e s  c l e a r l y  revealed t h a t  t h e  s l i d i n g  a c t i o n  caused 

breakthrough o f  t h e  f i l m  i n  t h e  contact  area. 

The breakthrough o f  t h e  BN f i l m s  i s  due t o  poor i n t e r f a c i a l  adhesive 

bonds e x i s t i n g  between t h e  f i l m  and t h e  s u b s t r a t e  i n  and near t h e  diamond 

c o n t a c t  r e g i o n .  The removal o f  t h e  BN f i l m s  induced d i r e c t  c o n t a c t  o f  t h e  

diamond p i n  w i t h  t h e  doped GaAs and InP s u b s t r a t e s .  It, t h e r e f o r e ,  r e s u l t e d  

i n  a h i g h e r  c o e f f i c i e n t  o f  f r i c t i o n .  

The BN f i l m  adhered p o o r l y  t o  t he  undoped I n P  s u b s t r a t e  ( F i g .  2 ( d ) ) .  

However, i t  d i d  p r o v i d e  r e l a t i v e l y  lower c o e f f i c i e n t s  o f  f r i c t i o n  than  were 

o b t a i n e d  f o r  uncoated InP. O p t i c a l  m ic roscop ic  examinat ion o f  t h e  wear t r a c k s  

o f  t h e  BN f i l m  depos i ted  on t h e  undoped InP c l e a r l y  revea led  t h a t  t h e  s l i d i n g  

a c t i o n  o f  t h e  diamond burn ished the  BN f i l m  t o  t h e  s u b s t r a t e .  When t h i s  

occurs,  t h e  diamond does not e n t i r e l y  break th rough  t h e  BN f i l m  i n  t h e  c o n t a c t  

area and does n o t  come i n  d i r e c t  con tac t  w i t h  t h e  undoped JnP s u b s t r a t e .  The 

c o e f f i c i e n t  o f  f r i c t i o n  i s  n o t  constant  and depends on t h e  a p p l i e d  normal l o a d  

i n  t h e  ranges i n d i c a t e d  i n  Ftg .  2. 

There a r e  g e n e r a l l y  t h r e e  main obse rva t i ons  t o  be made f rom t h e  da ta .  

F i r s t ,  below a c e r t a i n  load,  depending on t h e  s u b s t r a t e ,  t h e  c o e f f i c i e n t  o f  

f r i c t i o n  decreases s t e a d i l y  as t h e  l o a d  i s  i nc reased .  The s l i d i n g  a c t i o n  w i t h  

t h e  diamond on t h e  BN f i l m  produces predominant ly  e l a s t i c  de fo rma t ion  

accompanied by a permanent groove. The r e a l  area o f  c o n t a c t ,  t h e r e f o r e ,  i s  

1 



not generally proportional to the load, and there is a corresponding deviation 

from Amontons' Law. For a first approximation for the load range investigated, 

the relation between coefficient of friction IJ and load W is given by 

l , ~  = kW 

elastic contact area. 

[17,18]. The friction is a function of the shear strength of the 

Second, at higher loads, the friction behavior is modifled. There is a 

very small but definite increase in coefficient of friction corresponding t o  

the increased amount of mean yield pressure Pm in the contact area. The 

wear track generally consists of plastic deformation and slight cracking of 

the BN film and substrate. At higher loads, the increase in coefficient o f  

friction with load i s  due mainly t o  plastic grooving. This is in direct 

contrast to the decrease in coefflcient of friction with load observed at small 

loads. The plowing process, which generates plastic grooves and cracking in 

the BN film, absorbs an additional amount of frictional energy. 

Third, with the BN film on Te-doped GaAs, with the BN film on Sn-doped 

InP, and with the uncoated InP (Figs. 2(c) and (d)), the coefficjent of 

friction increased drastically above a specific load depending on the material. 

The sliding actlon with these surfaces produces catastrophic gross surface and 

subsurface fracturing as well as plastic deformation. Under such conditions 

wear debris particles and large fracture pits were observed. The area of the 

fracture pit was a few times larger than that of the plastically deformed 

groove. 

The drastic increase in friction is due t o  the catastrophic gross surface 

and subsurface fracturing of the BN film and the substrate. Host of the 

frictional energy is dissipated in the fracturing process during sliding. 



Y i e l d  Pressure and Meyer 's Law 

S c r a t c h  measurements were conducted w i t h  a BN f i l m  depos i ted  on t h e  

s u b s t r a t e s ,  s t a r t i n g  f rom t h e  smal lest  loads a t  whIch t h e  scratches were 

v i s i b l e  by o p t i c a l  and scanning e l e c t r o n  mjcroscopy. 

The w i d t h  D and h e i g h t  H of a groove w i t h  some amount o f  deformed BN 

p i l e d  up a l o n g  i t s  s ides a r e  de f i ned  i n  F ig .  3. 

r e p o r t e d  h e r e i n  were ob ta ined  by averaging t h e  w id ths  f r o m  10 o r  more 

measurements o f  o p t i c a l  o r  scanning-e lect ron microscope obse rva t i ons .  Mean 

c o n t a c t  p ressu re  ( y i e l d  pressure)  P d u r i n g  s l i d i n g  may then  be d e f i n e d  by 

P = W/AS, where W i s  t h e  a p p l i e d  load and A S  i s  t h e  p r o j e c t e d  c o n t a c t  

2 
area g i v e n  by 

w i t h  t h e  f l a t )  [15,19]. 

The w i d t h s  o f  t h e  grooves 

AS = r D  / 8  ( o n l y  the f r o n t  h a l f  o f  t h e  p i n  i s  i n  c o n t a c t  

The y i e l d  p ressu re  over t h e  contact  area g r a d u a l l y  i nc reased  u n t i l  t h e  

de fo rma t ion  passed t o  a f u l l y  p l a s t i c  s t a t e ,  as presented i n  F i g s .  4 (a )  t o  ( d ) .  

The mean c o n t a c t  p ressu re  a t  a f u l l y  p l a s t i c  s t a t e  

and approx ima te l y  25 pe rcen t  g rea te r  t han  t h e  measured V icke rs  hardness 

(Tables I1 and 111). 

Pm i s  p r o p o r t i o n a l  t o  

The y i e l d  pressure o f  S i  and Si02 Increased by a f a c t o r  o f  2 w i t h  t h e  

presence o f  BN f i l m s  ( F i g s .  4(a)  and ( b ) ) .  When t h e  l o a d  exceeds a c e r t a i n  

c r i t i c a l  va lue  ( F i g .  4 ( a ) ) ,  t h e  s l i d i n g  a c t i o n  w i t h  t h e  diamond on t h e  BN f I l m  

depos i ted  on S i  produces l o c a l l y  gross sur face and subsur face f r a c t u r i n g  i n  

t h e  BN f i l m  and i n  t h e  S i  subs t ra te .  The p o r t i o n  FF i n  F i g .  4 (a )  rep resen ts  

t h e  c o n d i t i o n  o f  severe f r a c t u r e ,  and t h e  y i e l d  p ressu re  f a l l s  w i t h  i n c r e a s i n g  

l oad .  

There was no gross f a i l u r e  o f  i n t e r f a c i a l  adhesive bonds between t h e  BN 

f i l m  and t h e  SI02 s u b s t r a t e  observed over t h e  e n t i r e  l o a d  range ( F i g .  4 ( b ) ) .  

Therefore,  t h e  y i e l d  p ressu re  a t  the f u l l y  p l a s t i c  s t a t e  remained cons tan t .  

9 



The yield pressures for BN films on doped GaAs and on InP are the same as 

those for the uncoated surfaces of doped GaAs and InP (Figs. 4(c) and (d)). 

The BN films adhered poorly t o  the GaAs and InP substrates, and the breakthrough 

and removal of the BN fllms induced direct contact of the diamond pin with the 

doped GaAs and InP substrates, as described earlier. 

pressure of the doped GaAs and InP did not increase with the presence of BN 

films. 

Therefore, the yield 

The relation between the load and the width of the resulting scratch may 

be expressed with a number derived from empirical relations [20]. When the 

width of the resulting scratch D for BN films is plotted against the load W 

on logarithmic coordinates, this is expressed as 

law, as typically presented In Fig. 5.). 

W = kDn (i.e., Meyerls 

Figures 5(a) to (d) present data for scratch widths obtained for BN films 

on Si, S102, GaAs, and InP substrates. Comparatlve data for uncoated Si, 

Si02, GaAs, and InP are also presented. The portion LM for BN films or 

L'M' for uncoated materials is gradually curved but is considered t o  be 

composed of approximately straight portions of transitional slopes. For 

example, the transltional slopes are 2.6 and 2.4 for the BN film on Si. 

The portion MN for BN films, or M ' N '  f o r  uncoated materials, l s  a 

straight llne with a slope of 2. It is evident that either MN or M ' N '  I s  

the range over which Meyer's law is valid for BN films on nonmetallic 

substrates and for uncoated nonmetallic materials. Here the Meyer's index n 

is a constant and has a value of 2. Thus, the BN films on nonmetallic 

substrates behave plastically much like metals when they are brought into 

contact with hard solids, such as diamond. 



Adhesion and Shear S t r e n g t h  

S i l i c o n .  - Wi th  uncoated S i  (Table 111), t h e  c r i t i c a l  l o a d  t o  f r a c t u r e  

cohesive bonds i n  t h e  S i  was 5 N i n  s l i d i n g  c o n t a c t .  W i t h  t h e  BN f i l m  

depos i ted  on t h e  S i  subs t ra te ,  however, c r a c k i n g  occu r red  a t  a l o a d  o f  7 N 

(Tab le  11). The BN f i l m  on t h e  S i  p lays an I m p o r t a n t  r o l e  i n  s u r f a c e  f r a c t u r e .  

The presence o f  BN f i l m  i s  ve ry  e f f e c t i v e  i n  i n c r e a s i n g  t h e  c r i t i c a l  l o a d  

needed t o  i n i t i a t e  f r a c t u r e  I n  S i .  A s i m i l a r  t r e n d  was observed w i th  good 
. .  

q u a l i t y  BN f i l m s  on Si02, as w e l l  as w i t h  p o o r l y  adhered f i l m s  on Zn-doped 

GaAs and undoped I n P  (Tables I 1  and 111). 

The f a i l u r e  o f  t h e  BN f i l m  on the S i  s u b s t r a t e  d i d  n o t  induce f r a c t u r e  o f  

i n t e r f a c i a l  adhesive bonds between the BN f i l m  and t h e  s u b s t r a t e .  The c r i t i c a l  

loads t o  f r a c t u r e  t h e  i n t e r f a c i a l  adhesive bonds were 11 N f o r  t h e  BN f i l m  

depos i ted  on S i  a t  200 O C  and 8 N f o r  t h a t  a t  350 O C  ( T a b l e  I V ) .  

Benjamin and Weaver [21 ]  de r i ved  t h e  f o l l o w i n g  express ions f o r  s c r a t c h  

adhesion i n  terms o f  shear ing s t r e s s  S produced a t  t h e  c o a t i n g - s u b s t r a t e  

i n t e r f a c e  by t h e  p l a s t i c  deformat ion,  t h e  hardness o f  t h e  s u b s t r a t e  ( y i e l d  

p ressu re  a t  f u l l y  p l a s t i c  s t a t e  Pm), t h e  c r i t i c a l  l o a d  a p p l i e d  on t h e  p i n  

and t h e  t i p  r a d i u s  o f  t h e  p i n  R :  
wC 

2wC S r  - 
nDR 

These r e l a t i o n s  a l l o w  f o r  t h e  c a l c u l a t i o n  o f  t h e  shear s t r e n g t h  ( i . e . ,  t h e  

The r e s u l t s  a r e  presented adhesion s t r e n g t h  o f  t h e  i n t e r f a c i a l  bonds) [19,21]. 

i n  Table I V .  The va lues o f  t h e  c r i t i c a l  loads were ob ta ined  and conf i rmed n o t  

o n l y  by o p t i c a l  and SEM microscopy o f  t h e  sc ra tches ,  b u t  a l s o  by t h e  a c o u s t i c  

em iss ion  technique.  



Fused Silica. - Hertzian cracks were developed in the BN film deposited 

on Si02 as well as in the uncoated S102 at the specific loads indicated in 

lables I1 and 111, respectively. The diamond traversing a BN film surface 

generated intermlttent, circular hertzian cracks in the BN film and in the 

Si02  substrate just outside the mutual contact zone between the loaded 

diamond and BN film. The cracks intersected each other during sliding. 

Although very local detachment of the BN film was observed in areas where 

the cracks intersected, no gross failure of interfacial adhesive bonds between 

the BN film and the Si02 substrate was observed, even at loads to 15 N. 

Therefore, the actual value of the interfacial adhesive strength between the 

BN film and S i 0 2  substrate i s  larger than those for the BN film on the S i  

substrate indicated in Table IV. This relative hlgh adhesion i s  attributable 

to the strong chemical bond formed between BN and S i 0 2 .  

CONCLUSIONS 

As a result of single-pass scratch experiments conducted with 

ion-beam-deposited boron nitride (BN) films on silicon ( S i ) ,  fused silica 

(S102), gallium arsenide (GaAs), and indium phosphide (InP) substrates in 

sliding contact with a diamond pin, the following conclusions were drawn: 

1 .  BN films and nonmetallic substrates, like metal films and substrates, 

deform elastically and plastically in the interfacial region between two solids 

in contact under a load. However, unlike metallic films and substrates, BN 

films and nonmetallic substrates can fracture when they are critically loaded. 

2. Not only the yield pressure (hardness) of Si and S i 0 2  increased by a 

factor of 2 with BN films, but the critical load needed t o  fracture these 

materials also Increased. The BN films arrested crack formation. 

3. The BN films reduced adhesion and friction in sliding contact. The 

coefficients of friction for BN films on Si and S i 0  were less than 0.1 when 

sliding against diamond. 
2 



4. BN adhered t o  S i  and S i 0 2  and formed good q u a l i t y  f i l m s ,  b u t  i t  

adhered p o o r l y  t o  GaAs and InP. 

f o r  BN f i l m  on S i  and a p p r e c i a b l y  higher t h a n  1 GPa f o r  BN f i l m  on S i 0  

The i n t e r f a c i a l  adhesive s t r e n g t h s  were 1 GPa 

2' 
5. The r e l a t i o n  between t h e  load W and t h e  w i d t h  o f  t h e  p l a s t i c a l l y  

deformed groove D f o r  8N f i l m s  i s  expressed by W = kDn ( i . e . ,  t h e  c l a s s i c a l  

Heyer 's  law) .  

6. A c o u s t i c a l  measurements o f  t he  c r i t i c a l  l o a d  r e q u i r e d  t o  f r a c t u r e  a BN 

f i l m  on a n o n m e t a l l i c  s u b s t r a t e  agree w e l l  w i t h  those de tec ted  by o p t i c a l  and 

SEH microscopy o f  t h e  scratches.  

1. 

2. 

3. 

4. 

5. 

6.  

7 .  
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TABLE I. - SUBSTRATES 

n- type InP  1 Sn I 3x1017 I 0.010 

TABLE 11. - YIELD PRESSURE OF AND CRITICAL NORMAL LOAD 

TO FRACTURE BORON N I T R I D E  FILM COATED ON 

NONHETALLIC SUBSTRATE 

S u b s t r a t e  
and 

f i l m  

S i  coated w i t h  
BN a t  200 O C  

S i  coated w i t h  
BN a t  350 O C  

S i02  coated w i t h  
BN a t  200 O C  

S i02 coated w i t h  
BN a t  350 O C  

Zn-doped, 
p- type GaAs 
coated w i t h  BN 

Te-doped, 
n- type GaAs 
coated w i t h  BN 

InP  coated 
w i t h  BN 

Sn-doped, 
n- type InP  
coated w l t h  BN 

Y i e l d  
p ressu re  
t f u l l y  
p l a s t i c  

s t a t e  
Pm 9 

GPa 

24.0 

21.9 

23.9 

21.2 

7.15 

7.05 

4.51 

4 . 5 4  

Vicke rs  
hardness 

GPa 
H V  9 

18.8 

17.5 

---- 

17.2 

5.12 

5.65 

3.66 

3.61 

R a t i o  
W H v  

1.28 

1.25 

---- 

1.23 

1.25 

1.25 

1.23 

1.26 

C r i t i c a l  
normal 
l oad  t o  

f r a c t u r e ,  
N 
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TABLE 111. - YIELD PRESSURE OF AND CRITICAL NORMAL 

LOAD TO FRACTURE NONMETALLIC MATERIALS 

200 O C  

350 O C  

Ma t e r i  a1 

11 1.1 1 .o 

8 .91 .84 

s i  

s i 0 2  

Zn-doped , 

Te-doped, 

InP  

Sn-doped , 

p- type GaAs 

n- type GaAs 

n- type InP  

Y i e l d  
p ressu re  

a t  f u l l y  
p l a s t i c  

s t a t e  
Pm 9 

GPa 

12.6 

12.4 

6.94 

-_-- 

_ _ _ _  

4.35 

V icke rs  
hardness 

GPa 
H V  9 

9.89 

__-- 

5.61 

5.68 

---- 

3.49 

R a t i o  
Pm/Hv 

C r i t i c a l  
normal 
l o a d  t o  

f r a c t u r e ,  
N 

TABLE I V .  - CRITICAL NORMAL LOAD TO FRACTURE 

INTERFACIAL ADHESIVE BONDS BETWEEN BN FILM 

AND SILICON SUBSTRATE AND SHEAR STRENGTH 

OF INTERFACIAL ADHESIVE BONDS 

Coat ing 
condl  t i  ona 

C r i t i c a l  
normal 

load,  
WC 9 

N 

I n t e r f a c i a l  adhestve s t r e n g t h ,  
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FIGURE 1. - TYPICAL ACOUSTIC EMISSION TRACES FOR A BN F I L M  ON A NONNETALLIC MATERIAL (SUBSTRATE, 
S i ;  SLIDING VELOCITY, 12 mm/min: LABORATORY A I R ) .  

17 
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BN FILM ON si COATED AT 200 OC 

A BN FILM ON S i  COATED AT 350 OC 
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(C) BN FILM ON GaAs AND UNCOATED GaAs. 

FIGURE 2. - COEFFICIENT OF FRICTION AS A FUNCTION OF LOAD. SLIDING VELOCITY, 12 mm/rnin 

(D) BN FILM ON InP AND UNCOATED InP.  
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FIGURE 3.  - DEFINITION OF MEAN CONTACT PRESSURE (P = WAS). OR SCRATCH HARDNESS. 
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FIGURE 4. - MEAN CONTACT PRESSURE (YIELD PRESSURE) AS A FUNCTION OF LOAD. SLIDING VELOCITY, 

12 m m h i n :  LABORATORY AIR. 
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( C )  BN FILM ON GaAs AND UNCOATED GaAs. (D) BN FILM ON InP AND UNCOATED InP.  

FIGURE 5. - SCRATCH WIDTH AS A FUNCTION OF LOAD, SLIDING VELOCITY. 12mm/min: LABORATORY 
A I R .  
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